The origin of tiny neutrino masses and the baryon number asymmetry of the Universe are naturally interpreted by the canonical seesaw and leptogenesis mechanisms, in which there are the heavy Majorana neutrino mass matrix M R , the Dirac neutrino mass matrix M D , the charged-lepton mass matrix M ℓ and the effective (light) neutrino mass matrix M ν . We find
1 The commutator of quark mass matrices M u and M d , or equivalently the commutator of quark Yukawa coupling matrices Y u and Y d , has proved to be a quite useful measure of weak CP violation in the standard model (SM) [1] . Given the quark masses m u ≃ 1.38 MeV, m d ≃ 2.82 MeV, m s ≃ 57 MeV, m c ≃ 0.638 GeV, m b ≃ 2.86 GeV and m t ≃ 172.1 GeV at the electroweak energy scale µ = M Z [2] , one may easily arrive at Im det Y u Y 2 After the SU(2) L × U(1) Y symmetry is spontaneously broken to U(1) em , Eq. (2) becomes
where
Without loss of generality, we choose a convenient lepton flavor basis in which M ℓ = M ℓ ≡ Diag{m e , m µ , m τ } holds. The overall 6 × 6 neutrino mass matrix is symmetric, and it can be diagonalized by a unitary matrix containing 15 angles and 15 phases [7] :
being the physical masses of light or heavy Majorana neutrinos, and V 0 or U 0 is a 3×3 unitary matrix which consists of three mixing angles and three CP-violating phases. This basis transformation allows us to express the weak charged-current interactions of six neutrinos in terms of their mass states:
where V ≡ AV 0 is the Maki-Nakagawa-Sakata-Pontecorvo (MNSP) matrix [8] responsible for flavor oscillations of the light neutrinos ν i (for i = 1, 2, 3), and R measures the strength of charged-current interactions of the heavy neutrinos
. Since R and S describe the mixing between light and heavy neutrinos, the magnitudes of their elements are constrained to be at most of O(0.1) [10] . The exact expressions of A, B, R, S, U 0 and V 0 can be found in Ref. [7] . Here we only quote
where c ij ≡ cos θ ij ,ŝ ij ≡ e iδ ij s ij and s ij ≡ sin θ ij with θ ij and δ ij being angles and phases (for 1 ≤ i < j ≤ 6), respectively. In view of the smallness of the nine active-sterile mixing angles θ ij (for i = 1, 2, 3 and j = 4, 5, 6), we arrive at the following excellent approximations:
In this case we have
Let us first calculate the commutator M † 
. The determinant of this commutator is purely imaginary, and thus we obtain
in which
is a Jarlskog-like quantity associated with the effects of CP violation in the decays of heavy Majorana
R M R will vanish if ∆ ij = 0 holds or if X N = 0 holds. We see that X N depends on six independent phase differences, such as δ i4 − δ i5 and δ i5 − δ i6 (for i = 1, 2, 3). Of course, the CP-violating asymmetries ε iα (or ε i = ε ie + ε iµ + ε iτ in the unflavored case) between the lepton-number-violating decay modes N i → ℓ α + H and N i → ℓ α + H must depend on the same phase differences [7] . However, X N = 0 is in general a necessary but not sufficient condition for ε iα = 0 or ε i = 0, and hence X N = 0 cannot guarantee ε iα = 0 or ε i = 0 (or vice versa) either.
If M 1 ≪ M 2 ≪ M 3 holds and the leptogenesis mechanism works at temperature T ≃ M 1 [5] , then it should not be difficult for the quantity
to be comparable with or larger than η ≃ 6.2 × 10 −10 in magnitude. Taking
O(10 −7 ) for example, we expect that |X N | O(10 −42 ) holds and thus the
12 is in general possible to reach the O(10 −10 ) level. In fact, a number of specific seesaw-plus-leptogenesis models have so far been proposed to successfully account for the observed baryon number asymmetry of the Universe [11] .
We proceed to calculate the commutator
ν , which is directly relevant to leptonic CP violation in neutrino oscillations [12] . Given the flavor basis M ℓ = M ℓ and the good approximation
which depends on six independent phase differences, such as δ 2i −δ 1i and δ 3i −δ 1i (for i = 4, 5, 6). These phase parameters are apparently different from those governing X N , as one can see from Eq. (11). It is therefore desirable to search for µ → e + γ and other possible lepton-flavor-violating channels, so as to fully probe the seesaw mechanism and its parameter space. In the minimal supersymmetric standard model extended with three heavy Majorana neutrinos, for example, there is some parameter space for the branching ratios of µ → e + γ and τ → µ + γ decay modes to be close to their respective upper bounds as set by the present experiments [16] . The next-generation experiments of this kind are expected to impose more stringent constraints on such rare or forbidden processes in the SM and on possible new physics behind them.
